In this paper, we report upon the responses of S-containing compounds in Lemna paucicostata to variations in the availabiity of several external sulfur sources. The study was initiated to gain insight into effectors which might regulate the high affinity S042-uptake system ofLemna. This system is specifically regulated by the level of S042-in the growth medium. Growth in L-cystine, but not L-methionine, also regulates the high affinity system (4). It is not known whether these regulatory effects are due to changes in the number of uptake sites or to changes in the rate of operation of a constant number of such sites (see 11, 17 for discussion). Cystine was separated from impurities present in the prparation by adsorption onto a Dowex 50-H' column. The column was washed with 0.4 N Ha and L-[35SJcystine was eluted in 3 N NH4OH. The preparation was taken to dryness, redisolved in H20, and filter-sterilized for addition to growth medium. Chromatography ofan aliquot ofthe Preparation in solvent A showed that the single peak of radioactivity (containing at least 85% of the counts) migrated with authentic L-cystine. [35S]Methionine was subjected to preparative chromatography in solvent B before use. The peak of radioactivity corresponding to L-methlonine was eluted in N2-bubbled H20. The eluate was lyophilie and the residue was incubated with 2-mercaptoethanol to reduce any L-methionine sulfoxide present to methionine (10). The preparation was stored frozen in 2-mercaptoethanoL Preparations of L-methionine were subjected to reduction by 2-mercaptoethanol in a parallel fashion. Just before use, both preparations were taken to dryness and dissolved in Nrbubbled H20. Aliquots were removed for chromatography and the remainder of the preparations were filter-sterilied. The [35S]methionine was 92% radiopure as judged by chromatography in solvent B; the only other peak ofradioactivity was coincident with L-methionine sulfoxide, detected by ninhydrin.
further understanding of the responses of this plant system to variations in the chemical forms and concentrations at which sulfur is made available. A preliminary report upon this work has been made (3) . ' Mailing address: Building 32, Room 101, National Institute of Mental Health, Bethesda, MD 20205.
MATERIAIS AND METHODS Chemicals. Chemicals were obtained as previously specified (2) . Tritiated compounds used as markers were prepared as descibed in (8 Cystine was separated from impurities present in the prparation by adsorption onto a Dowex 50-H' column. The column was washed with 0.4 N Ha and L-[35SJcystine was eluted in 3 N NH4OH. The preparation was taken to dryness, redisolved in H20, and filter-sterilized for addition to growth medium. Chromatography ofan aliquot ofthe Preparation in solvent A showed that the single peak of radioactivity (containing at least 85% of the counts) migrated with authentic L-cystine.
[35S]Methionine was subjected to preparative chromatography in solvent B before use. The peak of radioactivity corresponding to L-methlonine was eluted in N2-bubbled H20. The eluate was lyophilie and the residue was incubated with 2-mercaptoethanol to reduce any L-methionine sulfoxide present to methionine (10) . The preparation was stored frozen in 2-mercaptoethanoL Preparations of L-methionine were subjected to reduction by 2-mercaptoethanol in a parallel fashion. Just before use, both preparations were taken to dryness and dissolved in Nrbubbled H20. Aliquots were removed for chromatography and the remainder of the preparations were filter-sterilied. The [35S]methionine was 92% radiopure as judged by chromatography in solvent B; the only other peak ofradioactivity was coincident with L-methionine sulfoxide, detected by ninhydrin.
Concentrated stock solutions of 35SO42-, molybdate, and amino acids (except L-cystine) were filter-sterilized and suitable aliquots added aseptically to autoclaved medium. L-Cystine and SO42-were dissolved directly in growth medium at the desred final concentrations and the resulting solutions were filter-sterilized and aseptically transferred to sterile growth flasks.
Chromatography. The following chromatogaphy solvents were used: solvent A, 2-propanol:88% formic acd.:H20 sulfur source (L-cystine or L-methionine), four labeled cultures were obtained for each growth condition. In one, only S042 was labeled and analysis of these plants permitted measurement of S042-uptake. In a second, only L-cystne or L-methionine was labeled and analysis of these plants permitted measurement of uptake and subsequent metabolism of the organic molecule. In the final duplicate incubations, both S042 and sulfur amino acid were labeled with 3IS of the same specific radioactivity (on a sulfur basis). Analysis of these plants permitted assessment of their concentrations of S-containing compounds since all sulfur sources available to the plants were of the same specific radioactivity.
Analysis of S-Containing Compounds. Colonies were homogenized in 10% TCA and the extracts were separated into TCAsoluble and -insoluble fractions. Total TCA-insoluble 35S was measured after the pellet was dissolved in Protosol (4). 35S in protein cyst(e)ine and methionine was determined as described previously (8) . Analysis of 3IS-containing compounds in the TCA-soluble extracts were made essentially as previously described in (6, 8) .
The method for analysis of AdoMet2 (6) was modified to permit simultaneous assay of S-methylmethionine. Aqueous extract, to which was added carrier and tritiated AdoMet and Smethylmethionine, was electrophoresed at pH 2.9 as described and the single peak containing both compounds was eluted and subjected to the boiling procedure which converts AdoMet to MTA (6) . The eluate was taken to dryness and redissolved in 0.2 ml H20. MTA contained in the eluate was oxidized by incubation with H202 (30%, 0.04 ml) at room temperature for 20 mi. Oxidation was stopped by the addition of HBr (48%, 0.02 ml). Upon re-electrophoresis at pH 2.9, S-methylmethionine again migrated about 25 cm toward the cathode, while MTAOX migrated about 11 cm toward the cathode. Each compound was eluted using the 3H markers as guides and chromotographed in solvent A. The peak corresponding to S-methylmethionine (RF 0.34) was eluted for determination of 3"S/3H. The sulfur, while the soluble sulfur amino acids make up about 4%. Of the amino acids quantitated here, glutathione is present in greatest amount, while cyst(e)ine, methionine, S-methylmethionine, and AdoMet are present at lower and about equal concentrations. These results are in accord with our earlier studies (2, 6 ).
Growth in Incesed S042, L-Cystine, or L-Methionine. The concentrations of these sulfur sources provided in the present experiment did not lead to marked changes in growth rates (although 2 gM L-methionine consistently decreased the multiplication rate by 10 to 20% [2, 10] ). Nor were major changes observed in protein sulfur/frond. Growth in increased S042-raised total tissue inorganic S042-, but produced only small, inconsistent rises in soluble cyst(e)ine which, further, were not dose-dependent. Unexpectedly, the concentration ofglutathione decreased. Growth in L-cystine did produce rises in soluble cyst(e)ine and glutathione, but little or no change in soluble methionine. Growth in L-methionine led chiefly to increases in soluble methionine and its products, AdoMet and S-methylmethionine. Smaller ineases occurred in soluble cyst(e)ine and glutathione. These and other changes are addressed further in "Discussion."
Growth in PAG and L-Lysine plus L-Threonine. Either PAG or the combination of L-lysine plus L-threonine can limit endogenous methionine formation in Lemna by decreasing flux through cystathionine y-synthase. The former compound is an irreversible inactivator ofcystathionine 'y-synthase (25) , whereas L-lysine plus L-threonine indirectly inhibit formation of O-phosphohomoserine, the co-substrate (with cysteine) of cystathionine 'y-synthase (2) . In the present studies, after suitable adaptation (26) , Leinna were grown in steady states in sublethal concentrations of these inhibitors. It was hoped that such plants would contain decreased concentrations of soluble methionine and that study of their high affinity S042-uptake would provide further insight into amino acid effectors of this uptake. In plants grown in PAG, a slight decrease in soluble methionine (to 40% of control) occurred, accompanied by only a small decrease in specific high affinity S042-uptake (Table I ). In plants grown in L-lysine plus L-threonine, a similar change occurred in soluble methionine. In this situation, the decrease in high affinity uptake was not demonstrated to be specific. In each instance, slight increases may have occurred in soluble cyst(e)ine, but these were so small as not clearly to be outside of experimental error.
Metabolism of L-Cystine and L-Methionine. 'Analyzed by the modified procedure described in the present paper.
d Analyzed by the procedure described in (6) .
Results from (4), and this paper (data not shown). Uptake expressed on a frond-d basis.
f This decrease judged not to be specific down-regulation since uptake, based on surface area of the fronds or on their ability to take up other organic compounds, was not decreased (4) . ' (16) . Further studies subsequently indicated that SO42-, rather than the sulfur amino acids, was the effector and that cysteine affected uptake by virtue of its conversion to S042- (22, 23) . In Lemna minor, 12-h exposure to 5 mM cysteine derased S042-uptake by about 70% and inceased soluble tissue cyst(e)ine 10 times (1), but the S042-pool size was not measured. As pointed out by Smith (23) , unequivocal conclusions as to the identity of effectors of regulation of SO42-uptake based on observations of total tissue content of S-containing compounds are difficult to make in the absence of knowledge of the extent of compartmentation of the critical metabolites. Studies of kinetics of metabolite labeling have shown that soluble cyst(e)ine exists in two compartments in Lemna, and that cystathionine, homocyst(e)ine and methionine are much less compartmented than is cyst(e)ine (18) . A pulse-chase experiment indicated that tissue S042-in Lemna is composed of rapidly and slowly turning over components (4) . It was concluded from compartmental analysis of Lemna (grown in a considerably higher S042-concentration than used in the above mentioned studies) that the major portion of S042-was locaized in the vacuoles (24). Further experiments which correlate compartmental distribution of the S-containing components with regulatory effects will be necessary to conclusively establish the identity of the effectors in question.
Bearing these limitations in mind, the results ofmeasurements of total tissue contents of components presented here are, however, consistent with the possibility that in Lemna high affinity SO42-uptake is regulated, directly or indirtly, by the internal pools of both cyst(e)ine and SO42-. Plants grown in 14 Mm Lcystine, where the high affinity S042-uptake system was downregulated to 17% of control, contained inased soluble cyst(e)ine but no more inorganic S042-than did standard plants.
Plants grown in 10 mM SO42-, where the high affinity S042-uptake system was down-regulated to 6% of control, contained increaed SO42-, but no more soluble cyst(e)ine than did standard plants. The failure of plants grown in 52 gM molybdate and containing lowered total tissue S042-to up-regulate high affinity S042-uptake is amenable to several possible explanations, and, in our opinion, pending further investigation this finding does not constitute strong evidence against the suggested regulation by SO42-. L-Methionine is not an effector of the high affinity system. Plants with greatly increased soluble methionine, brought about by growth in L-methionine, were not specifically down-regulated in their high affinity S042-uptake. Plants with decreased soluble methionine, brought about by growth in PAG, were not upregulated in their high affinity uptake.
Adjustment to External SO42-. From measurements of the tissue S042-concentrations and rates of uptake mediated by the high affinity and linear, nonsaturating SO42-uptake systems (4; present paper), it is possible to describe the adjustments made by Lemna in response to growth in concentrations of external SO42-ranging from 20 pM to 10 mm. At 20 pM S042-, about 99% ofthe total S042-uptake is via the high affinity system and the amount taken up provides sufficient sulfur so that neither growth rate nor protein synthesis is limited. As the external S042-concentration is increased, the high affinity system is downregulated but the linear, nonsaturating system is not. At 10 mM SO42-, uptake by the nonsaturating system accounts for about 95% of the total uptake, and this total is about twice that of standard plants. The excess accumulates as SO42; and there is essentially no change in the amount of reduced sulfur. Such a constancy in sulfate reduction has been noted before (6) and may be the result of close regulation of ATP sulfurylase, the enzyme which catalyzes the first step in SO42-reduction (19) .
L-Cystine Metabolism. In addition to its major function in higher plants as precursor ofmethionine, glutathione and protein cysteine (9), L-cyst(e)ine can also be degraded to sulfide, SO42-, and other compounds (15, (21) (22) (23) . In cultured tobacco cells, the first step in such degrdation is due to an inducible cysteine desulflhydrase (or, perhaps predominantly, a cystine lyase [13] ).
The present studies show that Lemna plants also metabolize Lcystine to S045- (Table H) (Table II) . Of the 3IS taken up as "5SO42-, 30% ends as tissue 31SO42-("None" in Table I ).
Therefore, approximately 2.4 + 0.3 = 8% of cystine sulfur is converted to SO42-. Cyst(e)ine desulfhydration might well be higher if account could be taken of sulfide formed from cyst(e)ine, but reconverted to organic sulfur without passage through S042m
As L-cystine is inased in the growth medium, it becomes the dominant source of sulfur. At (2) and enzyme (7) studies that in many plant tissues such transsulfiration is not likely to be a quantitatively important metabolic pathway (9) . This conclusion may not apply to all plant tissues. Known exceptions occur in two legumes. In Astragalus, some y-cleavage of cystathionine has been noted (12) ; and, in cultured soybean cotyledons, L-methionine can serve as the sole sulfur source (14) .
When 0.7 Mm L-methionine is present in the growth medium, high affinity uptake of SQ42-is moderately decreased (in this case nonspecifically [4] ) to about 60% of control (Table I approximately accounted for by rises in soluble methionine (2350 pmol/frond), S-methylmethionine (380 pmol/frond), AdoMet (80 pmol/frond), and acidic oxidation products (280 pg atoms/frond).
Changes in soluble methionine concentration correlate with reciprocal changes in the specific activity of cystathionine ysynthase. In 36 MM L-lysine plus 3 #M L-threonine, soluble methionine falls to about half its control concentration (Table  I) , and cystathionine y-synthase rises to 180% ofcontrol (26) . In 0.7 Mm L-methionine, soluble methionine is increased some 80-fold (Table I) , and cystathionine y-synthase decreases to 15% of control (27) . Further increases in soluble methionine (Table I) were not accompanied by further down-regulation ofcystathionine y-synthase (27). When measured, changes in AdoMet and Smethylmethionine qualitatively reflected changes in soluble methionine. Thus, the present results do not distnguish whether the effector for regulation of cystathionine y-synthase is methionine itself, or one of its metabolites.
The decreases in cystathionine y-synthase in plants grown in increased methionine may well account for the observed rises in its substrate, soluble cyst(e)ine and (secondarily) glutathione (Table I) . Direct conversion of methionine to cyst(e)ine is ruled out by isotopic experiments (Table II) . Curiously, the accumulation of soluble cyst(e)ine under these circumstances does not produce specific down-regulation of high affinity SQ42-uptake comparable to that resulting from a similar accumulation of soluble cyst(e)ine produced by L-cystine administration. Further work will be needed to explain this surprising result.
LrFERATURE CrTED
